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Design, Analysis, and Simulation of I/0O
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Abstract—In this paper, we look at several issues concerning the de-
sign of an 1O system for a multiprocessor such as a hypercube. We
propose a methodology for connecting the 1D processors to such a sys-
tem for efficient 14D access. An analysis is presented to see the effect of
[0 communication on the network of the multiprocessor. We evaluate
different disk organizations that can be employed within such a system
to see which organization has a better performance. Then we consider
the problem of mapping specific data structures such as matrices onto
the disks such that the data can be accessed efficiently.

Index Terms— Data distribution, hypercubes, 1) embedding,
multiple-disk systems, multiprocessors, performance evaluation, scien-
tific applications.

I. INTRODUCTION

HYPERCUBE multiprocessor consists of 2" processors
interconnected in an n-dimensional binary cube topol-
ogy. Each processor in such a system has its own memory
and the processors communicate by message passing. Hyper-
cubes are known to have several useful properties, namely a
high degree of connectivity, fault tolerance, low diameter, etc.
In addition, different interconnections such as a linear array,
mesh are known to map easily onto the hypercube intercon-
nection. Due to these advantages, several hypercube systems
have been built recently [1]-[3]. Many parallel computations
have been developed for the hypercube topology [4]. One is-
sue that has not been addressed effectively in the past is the
support of efficient I/O operations in multiprocessors. If the
I/0O operations are not speeded up, even if we solve the prob-
lem considerably faster using a multiprocessor, the speed of
the solution will eventually be determined by the serial /O
bottleneck. The importance of balancing 1/0O bandwidth and
computational power has been pointed out in [S] where it is
shown that for some applications, the I/O problem cannot be
alleviated by simply adding more memory at the processors.
1/0 processors are used for transferring data between the
hypercube nodes and the outside world and the host. This
is to be distinguished from the hardware that is required for
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communication between the processors. I/O communication is
required to distribute data and code to the processors before
the computation and to collect the results after the computation
has been completed. Each processor in the system is connected
to one or more I/O processors and the I/O processor(s) handles
all the data transfer between that processor and the outside
world.

The Intel iPSC/1 system uses I/O hardware within each pro-
cessor for I/0 communication using the ethernet protocol [2].
A single host serves as the I/O handier as well and thus creat-
ing a serial 1/O bottleneck. The recently announced I/O system
for iPSC/2 uses multiple disks and data declustering to im-
prove the I/O performance {6]. In this system, multiple disks
are used and the file is declustered among the different disks
to improve the concurrent access to a file. In the NCUBE sys-
tem, an I/O processor is connected to a subcube of eight pro-
cessors and the I/O processors are themselves interconnected
partially [1]. In Section II, we describe a way of connecting
I/O processors to the hypercube system that is more efficient
in a number of ways as explained later. Our method uses
the system links efficiently for both the I/O and processor-to-
processor communication. The proposed method requires no
explicit processor-to-I/O processor links. Our method can be
directly used in the hypercubes with minor modifications to
the architecture.

Some of the alternatives for improving the response time of
a disk system include disk striping [7], and disk synchroniza-
tion [8]. We evaluate these alternatives and combinations of
them to find out which organization has a better performance.
The multiprocessor network could affect the I/O performance
due to traffic patterns within the network and hence there is
a need to evaluate such disk organizations within a multipro-
cessor environment. The I/O traffic may in turn affect the
communication in the network, hence there is a need to see
how the I/O transfers interact with the message communica-
tion. We evaluate the disk organizations using two workloads:
1) file/transaction system workload and 2) scientific applica-
tions workload.

The results obtained in evaluating the disk organizations
motivated us to study different ways of breaking up a file to
be stored among different disks. Since most of the scientific
applications need matrix computations, matrices warrant spe-
cial attention. We present a method for storing the matrices
on the different disks such that the 1/O requirements of the
matrix applications can be efficiently satisfied. We show that

1045-9219/90/0400-0140801.00 © 1990 IEEE



REDDY AND BANERJEE: HYPERCUBE MULTIPROCESSORS

P < P 4
RS L
T 'S i 1 {
[ = : Switch |
|
| I
| |
| i
Prc. | WOpoci| Proc.
| | |
I-node P-node
Fig. 1. Architecture of the modes.

some of the earlier ideas on organizing hierarchical memories
can be applied in a distributed memory environment also.

The rest of the paper is organized as follows. In Section
II, we discuss a method of connecting I/O processors to the
hypercube system. In Section III, an analysis is presented on
the effects on communication as a result of connecting a disk
system to the hypercube. In Section IV, we present simulation
results of a system evaluation. In Section V, we discuss how
to distribute specific data structures such as matrices onto the
disk system for efficient access during the problem execution.
.Section VI summarizes the results obtained and points out the
directions for future research.

1. I/0O EMBEDDING IN HYPERCUBES

In this section, we look at the problem of connecting the
I/0 processors to a hypercube multiprocessor system. If each
processor in the system is adjacent to an I/O processor, then
the communication between the I/O processor and the pro-
cessor can be carried out efficiently. We propose a method
of interconnecting the I/O processors and the multiprocessor
that satisfies this condition.

The communication that takes place among the processors
during the problem solution is called message communica-
tion and the communication required for I/O transfer is called
1/0 communication. We define the problem of connecting
the I/0 processors to the rest of the system as the /0O em-
bedding problem. If each processor in the system is adjacent
to at least one I/O processor, then the I/O transfers can be
done efficiently. The hypercube system with an embedded I/O
system consists of two types of nodes, P-nodes and I-nodes
as shown in Fig. 1. A P-node contains a processor and an
I-node contains a processor and an I/O processor that handles
the data transfer to and from the disks. A similar idea of using
I/0 nodes is employed in the hypernet architecture [9]. How-
ever, the main aim of that architecture is to develop networks
with a constant degree and the I/O embedding approach has
not been explored. In our architecture, a processor is included
in the I-node so that the hypercube structure is maintained for
data processing. The I/O processor in each /-node in an n-
dimensional hypercube can serve as an I/O processor to its
neighboring n processors in the network and the processor in
its node. Hence, if sufficient number of /-nodes are embed-
ded in the multiprocessor network, then each processor can
be made adjacent to an I/O processor.

A perfect 1/0 embedding is an 1/O embedding where each
processor in the system is adjacent to exactly one I/O pro-
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Fig. 2. An /O embedding in a 4-cube.

cessor. A system having a perfect embedding has the fewest
possible I/O nodes such that each processor is adjacent to one
I/O processor.

Theorem 1: A perfect embedding exists in a k-dimensional
hypercube if and only if k =2/ — 1 for some integer /.

Proof: Each I-node serves as an I/O processor for (kK +1)

nodes in the system. Hence, if a perfect embedding exists,
there must be exactly n/(k + 1) I-nodes in the system, i.e.,
n/(k + 1) must be an integer where n = 2¥ is the number of
nodes in the system. Since 2% has only factors of the form 2,
(k +1) =2, for some /.

To prove that k = 2! —1 is sufficient, consider two I-nodes
a and b in a perfect embedding. Nodes a and b cannot be
adjacent. If they are, the processors in nodes @ and b are
each adjacent to two I/O processors. Similarly, neighbors of @
cannot be neighbors of b. Hence, any two /-nodes in a perfect:
embedding are at a Hamming distance of three or greater
from each other. Hamming codes give a characterization of
such a situation since each Hamming code is at a distance of
three or greater from each other. Hamming codes are perfect
codes [10] when the code space has a dimension of the form
k = 2" — 1. In such a code space, each noncode word is
adjacent to exactly one code word. The hypercube can be
seen as a k-dimensional space and we can place I-nodes in the
code-word locations to get the desired perfect I/O embedding.
Hence, we can always find a perfect I/O embedding when
k=2 -1 o

Since all the sizes of the hypercube do not have perfect
embeddings., we use smaller-sized perfectly embedded hyper-
cubes to build larger systems. Fig. 2 shows a four-cube with
an I/O embedding. It is noted that each processor in the 4-cube
is adjacent to at least one I/O processor. The two three-cubes
(0-7) and (8-15) in the four-cube are perfectly embedded.
Some of the advantages of this approach are [11]: 1) the links
connecting the P-nodes and I-nodes are used efficiently both
for message communication and I/O transfer. Since in most
of the applications, the I/O and message communication are
done at different instants of time, the links can be shared for
both the purposes. Otherwise, an extra communication link
will be required. 2) Each processor in the system is adjacent
to an I/O node so that the processors can communicate with
the I/0 nodes efficiently. 3) As the system size increases, it
is possible for each processor to be adjacent to more than
one 1/O node, unlike in the NCUBE and Intel systems. 4) It is
possible to build larger size hypercubes with the same number
of ports for communication.

In our approach, the larger size hypercubes are built from
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perfectly embedded smaller-sized cubes. It is possible to in-
terconnect these smaller cubes in various different ways to
obtain different properties. Qonsider, for example, building
a larger system from three-dimensional hypercubes. The /-
nodes are located along the diagonal of a perfectly embedded
three-cube. Depending on the orientation in which these dif-
ferent subcubes are connected, the larger system can have dif-
ferent properties. If the subcubes are oriented along the same
direction as shown in Fig. 2, the I-nodes are connected to each
other in a hypercube topology of dimension n — 2 where n
is the dimension of the hypercube system. These connections
can be quite efficiently utilized for transferring data between
different I/O processors.

If the subcubes are oriented among different directions, it
is possible to obtain an embedding where each processor in
the system is adjacent to two or more /-nodes in the system.
This approach is useful when it is necessary to connect each
processor to two different sets of 1/0 processors, for example,
a graphics processor and an I/O handler. Consider building a
hypercube system from perfectly embedded three-cubes. Let
the subcubes of this system be numbered Sy, S2,---,5n. Let
the nodes in the system be numbered by S;, the ith subcube
to which the node belongs and one of 0, 1,---7, the node
number within the subcube. A subcube is said to have an i-
specified embedding if the node / in the subcube is an /-node.
If the subcube S; has j mod 8-specified embedding, then an
n-cube has an embedding such that each node is adjacent to /
I-nodes where n = 2/ — 1. For more details, please refer to
[11].

The embedding ideas can be extended to distance-k em-
beddings. A system is said to have a distance-k embed-
ding if each processor is within a distance of &k from an I/O
processor. A perfect embedding is then a distance-1 embed-
ding. Bose-Chaudary-Hocquenghem (BCH) codes [10] give
a characterization of such embeddings. BCH codes are gener-
alized Hamming codes and can be used to generate distance-k
embeddings, for & > 2. Distance-k embeddings are suitable
for very large systems or when the I/O resources are very
scarce. A similar approach is adopted by [12] for distributing
resources in a hypercube.

In most of the applications the I/O and message communi-
cation phases do not overlap and hence utilizing the system
links for both the purposes is feasible. The messages can be
given higher priority to reduce any performance degradation.
Simulation results are presented in later sections to show that
the performance degradation is not significant.

III. ComMuUNICATION ISSUES

In the proposed architecture, I/O messages also use the sys-
temn links. In regularly decomposable problems where /O and
message-communication do not overlap in time, this does not
lead to any congestion of links. In this section. we derive a
worst-case analysis of the communication network to see how
sharing the links may affect the system performance. We show
that under moderate communication loads. using system links
for I/O traffic does not degrade performance to a great extent.

To understand the effects of using both I/O messages and
processor-to-processor messages on the same links. we stud-
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ied the way the communication takes place in the hvpercube
system. Each node contains a k + 1 by & — | switch as shown
in Fig. 3 where k is the dimension of the hypercube. One
of the input ports and output ports are used for the node
source and node sink ports. The switch cutput ports are num-
bered from O to n where each output port i = n connects the
node to a neighbor along the /-dimension and the output port
n routes the incoming messages to the processor node. For
convenience. we numbered the input ports from —1 ton — 1
where input port/ £ —1 receives messages from the neighbor
along the i-dimension and input port —1 denotes the messages
being sent out by the processor node. We assume that the sys-
temn uses e-cube routing. Most current generation hypercube
systems use e-cube routing since it is shown to be deadlock-
free [13]. In e-cube routing, a message from a source to a
sink is routed along increasing dimensions of the hypercube.
For example let the source be s,_;5._~---5¢ and the desti-
nation be d,_1d,_- - - -dg with the difference vector between
the two addresses being €,_1e,-- - --€5. The message is sent
first along the dimension / where 7 is the least integer with
e; = 0. The message is then sent along the next higher di-
mension with e; = 0 and so on till it reaches the destination.
In Fig. 3 a message arriving at an input port / can only be
sent along a link j at the output for j > i. This restriction is a
direct result of e-cube routing. This results in an asymmetric
traffic pattern within the switch. Various results studving the
symmetric traffic pattern analysis have appeared in literature
[14]-[16].

Let p_\. po,---,pn be the probabiiities that a message
arrives at input ports —1, 0,---,n of a routing switch. Let
pi; for —1 <i < n and j >i. denow the probability that a
message arriving at input port / is directed to output port j.
Then the probability of a message being received by the node
can be derived as follows: the probabiiity of not teceiving a
message at a given node from input port i is given by 1—p; pjy.
Then the probability that a message is not received from any
of the input ports is given by

i=n—1

H (1 —piD.-

i=—1

or the probability of receiving a message is given by

1=n—1

= J] t-po-

i=—1

T
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Since the system is symmetric and uniform about every node,
the probabilities p; and p;; at each switch should be the same
for any message distribution, gs long as each node has the
same message distribution. ‘

If the probabilities p; and p;; can be derived, the problem
can be solved as above. We derive the necessary probabilities
for the case of uniform message routing below. A similar
method can be applied for other cases of routing distributions.

Each O-dimensional link is used by exactly two processors
to send or receive messages. Each even numbered processor
uses its O-dimensional link to send or receive a message from
the odd numbered processors. Similarly, each processor uses
exactly two one-dimensional links for sending or receiving
messages. In general, each processor uses 2 i-dimensional
links for routing messages.

Lemma 1: The probability that a particular /-dimensional
link is used by a processor for sending a message is 1/2/*!
when each processor is equally likely to send messages to
every processor including itself.

Proof: The probability of using an i-dimensional link for
a message routing is given by the probability that the source
and destination addresses differ in the ith bit. In case of uni-
form message routing this probability is 1/2. Since each pro-
cessor uses exactly 2 /-dimensional links, the probability that
a particular i-dimensional link is used for routing a message
is given by 1/2/*1, O

Lemma 2: The probability that a particular /-dimensional
link is used for sending a message is 1/2 when every processor
is sending messages randomly to other processors with equal
probability.

Proof: Each i-dimensional link is shared by 2 processors
for message routing. Since the probability that a particular
processor uses this link for message routing is 2!/¢=1 the
probability that this link is used by one of the processors is
20x1 /214 = 1)2. c

If each processor generates a message with a probability of
p during a cycle, then the expected probability that a link (in
one direction) is used during a cycle is p/2, if no collisions
occur during the message routing. If we assume that the mes-
sages are generated infrequently, p /2 gives an approximation
to the above probability even under collisions.

Lemma 3: The probability p;;, for —1 <i <n, j>Ii,
J#n=1/2""and pin = pin_,, for all i.

Proof: The probability that a message arriving at input
port / is directed to j-dimensional link at the output is the
probability that the source and destination addresses do not
differ in the / + 1,/ +2.--j — 1 bits and they differ in the
Jth bit and this probability is exactly 1/2/~/. The probability
that a given message is directed to the node is the probability
that the message is not sent to any of the other possible output
ports. Hence. pin =1 - Zj;ol pij = 172771 O

The above lemmas give the traffic distribution at a switch
as shown in Fig. 3. The probability that output port n does
not receive a message from input port / is given by

D 1 p p .
5<1_F__1>+(1_5>_—_1—2n_i,1# — land
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Fig. 4. 1/O traffic at a routing switch.

1 .
p<1—2~,,>+(1—p)=1—2£n,1=—1.

Then the probability that output port n does not receive a
message from any of the input ports is given by

(-2 (%)

The probability that a message is received is then given by

P,:1—<1—§n—>’ﬁ(1—if;_i>.

i=0

Now consider the case when we have I/O messages also
sharing the system links. Fig. 4 depicts this situation. We
have a certain fraction of the messages arriving at each input
port directed to the output port n. If these I/O messages are a
small fraction of the whole message traffic, then we can still
approximate the message distribution as being uniform. Then
the probability that a message is received is given by

p(1 +h)\ T p(1+h)
(-2 -2

i=0

In the above derivation, we assumed that the probabilities
of the messages arriving at the switches are close to the prob-
ability of receiving a message at one of the inputs of a switch
when no collisions occur in the network. However, collisions
take place during message routing and this needs to be taken
into consideration for a more rigorous analysis. If these col-
lisions are assumed to cause the messages (except one) to be
dropped, the probability of a message arriving at an input
port of a switch will be some steady value p” < p/2. This
approximation hence gives a slightly optimistic estimate of
the message completion rate. This is somewhat offset by the
following pessimistic assumption. The probability P, gives
a worst-case estimate of the collision since the other output
ports of a switch cannot receive messages from all the input
ports. Hence, the average probability of a message being suc-
cessfully routed to a destination in a circuit-switched system
can be approximated by P?? since a message on an aver-
age will have to be routed through d/2 switches. The actual
difference in probabilities of routing a message successfully in
the two cases now can be found by substituting the appropriate
values of p in P,. The difference in the two values tells us
the penalty incurred due to sharing the links in the system.
For example, when 7 = 10%, p = 1/10, and n = 6. the
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TABLE 1
WorsT Case % INCREASE IN MESSAGE-DELIVERY TIME
DUE TO SHARING LiNks

Message rate o
% of 1)O communication
Inter-arrival time

ms 5 10 15 20

10.0 0.4 075 | 1.09 201
5.0 074 | 153 | 194 294
25 1.79 { 3.15 | 3.89 577
1.25 3.14 | 6.76 | 9.05 | 12.64

probability that a generated message reaches its destination
is 0.904 and 0.896 in the two cases, respectively. As can be
seen from the numbers. the probabilities are not significantly
different. A similar analysis has been recently reported in [17].

Another way of characterizing the network performance is
to estimate the delay for sending a message. Table I gives the
relative increase in delay for various message and I/O rates ob-
tained through simulations. To see the worst-case effects, the
simulations assumed that the /O communication always col-
lides with some message communication. Normally, the I/O
communication collides with message communication only oc-
casionally. The messages are not given any priority over the
I/O communication in the simulations. The table reports the
percentage increase in the message-delivery time due to shar-
ing links. As can be seen from the table, even in the worst
case, the degradation in performance is tolerable at moderate
loads. When the I/O and messages do not collide and if the
messages are given higher priority than the I/O communica-
tion, the performance degradation would be lower than that
shown in Table I.

In systems where a single host serves the I/O needs of all the
processors, the host acts as a hot spot when all the processors
try to do an /O simultaneously. In regular scientific problems,
all the processors in fact try to do an I/O at about the same
time creating a kot spot traffic to the host. As shown by [18],
the effective bandwidth of the network in such a case is limited
by the hot spot traffic. If I/O message rate is a fraction 4 of
the message rate r, the total I/O message rate will be rap.
Asymptotically, the maximum value of the network throughput
is then given by

Beff = —’%’

where B is the bandwidth of the network without the hot spot
and 4 is the fraction of the traffic that is directed towards the
hot spot and p is the number of processors in the system.
As can be seen, even if 4 is fixed, as the number of proces-
sors grows, the effective bandwidth of the system is reduced
further. '

The proposed architecture replaces the single host by a
number of hosts. This effectively replaces one hot spot of
the network by a number of hot spots. However, the traf-
fic directed towards each hot spot is the I/O traffic of only
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a constant number (¢ = 4) of processors. When all the I/O
requests of a processor can be serviced by the neighboring
I-node, each host serves as a sink for I/O requests from ¢
processors. Hence, the hot spot effect reduces the bandwidth
of the system to '

_ B

ch
where c is the number of processors sharing an /-node. Hence,
using multiple disks or multiple hosts, we can limit the per-
formance reduction to a constant factor irrespective of the

system size. This is a result of increasing the I/O processing
capability along with the processing power of the system.

Beﬁ'

IV. EvaLuaTioN oF Disk I/O SysTEMsS

The communication issues in the network and the need for
balancing the I/O with the processing power of the system
strongly motivate the use of multiple disk I/O systems. What
is the best way to organize the different disks to get the re-
quired performance? This issue is investigated in this section
through simulations. We use two different workloads for eval-
uating the different disk organizations: 1) file/transaction sys-
tem workload and 2) scientific applications workload. These
two workloads are expected to capture most of the require-
ments on an I/O system. The file system workload represents
a multiuser environment with a lot of random file access and
the second workload represents a single user environment with
mostly sequential access to a few files.

With each disk I/O request, there are three main compo-
nents of service time, namely, seek time, latency time, and
read time. Seek time is the time spent in accessing the right
track of the disk and latency time is the time taken for the
required block to come under the read/write head. Read time
is the time taken for reading the data from the disk to a buffer.
Latency and seek times are overheads incurred in reading a
block of data. The response time of a request is the sum of
its service time and the waiting time in the queue.

A number of disk organizations are evaluated to see which
is best suited to a hypercube system. We will use the terminol-
ogy introduced in a related paper to explain the various orga-
nizations [19]. A synchronized system is one where a number
of disks (m) are synchronized together to function as a single
larger disk with m times the transfer rate of a single disk. The
aumber of disks synchronized together is called the degree of
synchronization. When the transfer time dominates the I/O
service time, this organization yields high performance. Since
all the disks are coupled together, each disk sees the same re-
quest rate and hence a balanced load on all the disks. The
utilization of each disk is higher since each request has to be
processed by all the disks. Hence, this organization is useful
when large files need to be transferred.

A declustered system is one where each file is distributed
on a number of disks such that different blocks of the same
file can be accessed in parallel from different disks. The file
is interleaved such that if block i is on disk j, then i + 1 is
on j + 1 and so on. If the I/O request is for a single block,
then that request is queued in the disk containing that block.
If a multiple-block request arrives at the disk system, then the
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request is broken up into a number of single-block requests
and it is queued at the corresponding disks. This results in
concurrent access to the blocks. This organization also en-
ables serving multiple single-block requests concurrently. By
interleaving the data, we can keep the disk system balanced
with respect to request rates. In this organization, the seek
and latency penalties are paid for each block of transfer and
hence the service time has effectively increased. The study
in [7] indicates that the declustering approach trades-off ser-
vice time effectively to reduce the variance in the queueing
times of a traditional system to achieve high performance. In
a nondeclustered system, each file is stored on only one disk.
Degree of declustering of a disk system denotes the number
of disks over which a file is declustered. For a traditional sys-
tem, dd = 1 and for a fully declustered system, it is equal to
the number of disks in the system.

Each disk organization can then be characterized by three
numbers (dd, ds) and m where dd is the degree of declus-
tering and ds is the degree of synchronization and m is the
number of disks in the system. Fig. 5 shows different disk
organizations.

We consider a 16-node hypercube system with 16 disks.
All possible organizations with 16 disks were considered for
evaluation. The I/O traffic is assumed to utilize the system
links as explained in Section II. The system is assumed to
contain four I/O nodes and the data transfer to and from the
disk units is handled by the I/O nodes. The I/O nodes are

TABLE II
PARAMETERS OF THE SYSTEM

Parameter Value
Max. latency time 16.6 ms
Seek time/track 0.04ms
Tracks per disk 1258
# of heads 14
# of sectors/track 52
# of bytes/sector 512
# of Disks 16
Deg. of Declustering 1,4.8,16
Deg. of Synchronization 12438,16

interconnected among themselves and these links are used for
I/O communication between two [/O nodes. Data are assumed
to be transferred using a circuit-switch model. The latency
time and transfer time for communication over the links are
obtained through actual measurements over an Intel iPSC/2 hy-
percube. Since the (1,8) and (1,16) organizations have fewer
than four independent units, there is no need for four I/O
nodes. The I/O nodes are assumed to be present at locations
0, 7, 8, and 15 of the hypercube and in the (1,8) organization
at 0 and 15 and in the (1.16) organization at 0. The disk char-
acteristics are assumed to be similar to an RA81 disk [20].
The system parameters are shown in Table II. Each disk is
assumed to use a SCAN approach of scheduling the requests,
i.e., the head of the disk scans inwards starting from the out-
ermost track serving any requests in its way till it reaches the
innermost track and starts serving requests once again from
the outermost pending request. This type of scheduling does
some scan optimization and at the same time guarantees that
no request is indefinitely postponed.

A. File/Transaction System Workload

The files in the system are assumed to be distributed ran-
domly over the disks. In a declustered system, each file's
blocks are distributed in a round-robin fashion among the
disks. Each file is assumed to be 4 megabytes large and the
system is assumed to have 800 such files. Consecutive blocks
of a file are assumed to be located on contiguous tracks of
the disk. In declustere.d systems. different blocks of a file
that reside on the same disk are assumed to lie on contiguous
tracks of the disk. Each I/O request specifies a file number
and a block number within the file. Files are assumed to be
accessed uniformly and similarly the blocks within a file are
assumed to be uniformly accessed. Each simulation in the file
system workload is carried out for 20000 cycles such that a
steady state is reached.

The file system workload is simulated as follows: the nodes
in the hypercube generate messages at random instants of
time. The number of messages generated at each instant is as-
sumed to be uniformly distributed between 1 and 4. The time
between two instants of message generation is assumed to be
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exponentially distributed and we call this parameter message-
generation time. The message-generation time is varied from
1.25 ms to 10.0 ms. A certain fraction of the time, I/O mes-
sages are also generated afong with the regular communica-
tion messages. This fraction is varied from 5 to 20%, which
we will denote as the 1/0 frequency. Actual fraction of I/O
communication (in terms of bytes) is higher because of larger
data sizes used in I/O transfer, 4 kilobyte blocks compared to 1
kilobyte processor-to-processor messages. In most workloads,
the typical I/O needs are expected to be within this range. The
/0 requests are divided into three different classes. The first
class 1) ““broadcast,” generates a request for a block of data
that is required by all the nodes of the system. The second
class 2) “multiple” generates multiple requests to the same
file. A number of nodes uniformly distributed over 2 and 16
each ask for a different block of data from the same file. The
third class 3) “single”” generates an I/O request for a single
block of data. The percentage of requests in classes 1, 2, and
3 are 5, 35, and 60%. This is expected to be the typical work-
load in a hypercube system. The I/O in a hypercube can be
divided into three phases: 1) program loading where all the
nodes request the same information, 2) data distribution where
each node requests for some data that it needs to work on, 3)
writing results back where all the nodes write the obtained
results back to the disk. These three phases of I/O load are
modeled by the above three classes of 1/0 requests. The block
size of the I/O system was fixed at 4 kilobytes.

Average response time of the I/O system is used as a mea-
sure of performance. The response time of a request is con-
sidered to be the time between the instant the processor gen-
erates an I/O message and the instant it receives it. In case of
multiple and broadcast classes, the I/O transfer is considered
complete only when all the nodes receive the required data.
This measure includes the time taken for transferring the data
to and from the disks over the communication links. Network
congestion as a result of placing the disks at too few locations
was one of the issues to be investigated.

Fig. 6 shows the average response times as the inter-
message generation time is varied-at a 10% I/O request rate.
Fig. 7 shows the effect of varying the I/O request rate, keep-
ing the inter-message generation time fixed at 5.0 ms. The
(1.16), (1,8), and (2,8) organizations are saturated when the
message-generation time is less than 2.5 ms. As noted from
Fig. 7 also, the (1.16) organization is very sensitive to the
load on the system. The (1.1) and (16,1) organizations seem
to be very insensitive to the frequency of io-requests within
the considered range.

Fig. 8 shows the average time in the network as a part of
the I/O transfer. By comparing Figs. 7 and 8, the network
congestion is observed to be not a factor in the performance
of these systems with the considered workload and the sys-
tem sizes. The amount of time spent within the network does
not vary significantly and is not a major contributor to the
response time of the I/O request. The communication time
consists of two parts, the disk-to-I/O buffer transfer time and
the I/O buffer-to-processor transfer time. The synchronized
systems utilize the communication links in parallel to transfer
each block of data and hence the disk-to-buffer communica-
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Fig. 7.
tion time is lower. This results in the observed trend in the
communication times. The I/O communication is low enough
that we do not observe the kot spot effects of organizing all
the disks as a single unit as in (1,16).

The main difference in the workload used here compared
to the one used in the other study [19] is that the multiple re-
quests generated simultaneously for a single file are assumed
to be for contiguous blocks of data in the earlier evaluation.
This assumption biased the results in favor of the synchronized
systems. In the earlier study, the requests to multiple blocks
of a file are assumed to be contiguous and generated by a sin-
gle process. Hence, rotational penalty was paid only once in
accessing multiple blocks in synchronized systems. However,
in this workload, the requests for multiple blocks of a file are
generated by different processes and hence we treated them as
separate requests. This assumption made a considerable differ-
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ence in the results of synchronized systems in the two studies.
This shows that the results obtained for a single processor en-
vironment cannot be easily extended to a multiprocessor envi-
ronment since the request patterns are considerably different.
The difference in the results of these two studies arises due to
the difference in the assumptions about serving muitiple-block
requests at synchronized systems. When the best-case scenario
is assumed, i.e., all the blocks in a multiple-block request are
located on contiguous locations of the disk as in the earlier
study [19], the synchronized systems perform better at lower
request rates. In the scenario considered here, the blocks are
assumed to be accessed in random order. As a consequence
of paying multiple latency penalties in serving such multiple-
block requests, the synchronized systems perform worse than
the declustered systems even at low request rates. This points
out to the importance of request scheduling at the disks. The
other difference in this study is the extra communication cost
incurred in sending the message from the I/O nodes to the
Pprocessors.

B. Scientific Applications Workload

The second workload considers the situation where large
scientific applications are executed in a single-user environ-
ment. Since the scientific computations are structured and reg-
ular, it is possible to alleviate some of the 1/O needs of a
problem through prefetching. However, if the data process-
ing speeds and data reading (from disk) speeds are consider-
ably different, the amount of data that needs to be prefetched
could be considerably larger than what the buffers could hold.
Hence, even with buffering there is a need to improve the ba-
sic data-reading time from the disks.

We consider three different matrix problems. matrix-matrix
multiplication. matrix-vector multiplication, and the FFT, for
our evaluation. These three problems have different /O re-
quirements. The ratio of the total number of computations
to the total number of 1/O operations is O(4/n) for matrix-
matrix multiplication. O(logn) for the FFT. and O(1) for
matrix-vector multiplication. It is expected that these three
applications give a wide range of I/O requirements such that
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observations can be made regarding the performance of the
different organizations. We use a hypercube multiprocessor
model to simulate parallel processing of the data. The I/O
patterns obtained in such a model are very sensitive to the
assumptions made about the relative sizes of memory and the
problem. Here we assume that, for each problem, the size
of all the available memory space on the processors is large
enough to hold the required data for solving the problem.
This assumption leads us to obtaining I/O traffic patterns of
the following form: every processor requests for a piece of
data, solves the problem in a cooperative way, and then writes
the results back to the I/O system. This I/O traffic pattern is
near-synchronous. Since we did not have actual I/O traces, we
had to restrict our attention to such a model. This assumption
also frees us from further assumptions about how fast the
memory size should grow as a function of processor speed. An
evaluation of IBM RP3 architecture regarding the I/O issues,
for seismic applications, can be found in [21].

The I/O subsystem consisted of four I/O nodes connected
to the hypercube multiprocessor system as described in [11].
Different disk organizations as discussed earlier were consid-
ered for evaluation. The simulations were carried out with the
same processor system but different I/O subsystems. Since
the algorithms are assumed to be implemented exploiting all
the features of the system, any differences in performance
are mainly due to the differences in the I/O subsystem. The
data are transferred over single links from I/O nodes to the
processors in the system. However, the data are assumed to
be transferred over multiple links (where available) from the
disk to I/O buffers. The time taken to solve the given prob-
lem was taken to be the performance measure. We simulated
the problem with different processor speeds. Starting with a
base speed of 1 (roughly equivalent to 0.5 MFlops), the pro-
cessor speed was varied from 0.1 to 10000 relative to the
base speed. The problem size was fixed through simulations.
Since the data size was assumed to be small enough to fit into
the memory of the system, we did not have to make further
assumptions about increases in memory size as the proces-
sor performance is increased. All the processors are assumed
to obtain the required data before beginning the processing
phase. Blocked storage is used for declustered systems. Since
the files are stored as single entities in nondeclustered sys-
tems, row/column major form of storage is assumed in such
systems.

In application 1. multiplying two 1024 x 1024 matrices
was simulated. The matrices A and B are distributed equally
among different processors. To generate matrix C = AB,
each processor multiplies its part of A with B. Hence, the dif-
ferent pieces of matrix B are circulated among the processors
during the problem execution. For example, in a nondeclus-
tered system each processor multiplies its rows of 4 with its
columns of B and obtains a new set of columns of B from
another processor for further processing and so on till the
matrix C is generated. Only matrix C is written back. Fig. 9
shows the performance of various machines executing matrix
multiplication.

In application 2, a two-dimensional FFT algorithm on
1024 x 1024 points was simulated. The data are distributed
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to different processors, reorganized among the processors, if
necessary (in declustered systems), to obtain a row-wise parti-
tion of the data. Each processor computes a one-dimensional
FFT of each of its rows. The matrix is transposed to get a
column-wise partitioning for the second phase. Each proces-
sor computes a one-dimensional FFT of each of its columns
to obtain the two-dimensional FFT of the data. The data are
reorganized into blocked-form or row-major form and written
back to the disks. Fig. 10 shows the performance of different
organizations executing FFT.

In application 3, multiplying a 1024 x 1024 matrix with a
1024 vector was simulated. Each processor receives part of
the matrix and all of the vector. The data are organized into
row-major order if necessary. Each processor computes its
part of the matrix-vector product and writes back the resultant
vector to the disks. Fig. 11 shows the performance of different
organizations executing matrix-vector multiplication.

Figs. 9-11 show the performance of various machines as
a function of processor speed for the three problems matrix
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multiplication, FFT, and matrix-vector multiplication, respec-
tively. The following observations can be made from the fig-
ures:

1) Matrix multiplication is compute bound at processor
speeds up to 1000, FFT up to 100, and matrix-vector multipli-
cation up to 1. As expected, these three problems exhibit dif-
ferent balances between computations and I/0. Beyond these
points, the problems are I/0 bound. The differences in the I/O
performance can be noted when the problem is I/O bound. The
differences in performance are due to the differences in I/O
subsystem since the multiprocessor system is unchanged in all
the organizations. The organizations that offer higher paral-
lelism for reading data from a single file, i.e., with higher
ds*dd, perform better than organizations with lower paral-
lelism. Even when the problem is compute bound, although
relatively minor, the differences in performance can be no-
ticed.

2) The traditional (1,1) organization is seen to perform
very poorly compared to other organizations. This shows that
putting together a number of disks without increasing the con-
currency of access to a file is not a good choice.

3) The time-to-completion does not scale linearly with the
parallelism available (ds*dd) for reading data. For example.
time-to-completion for FFT is 12134.80 for (1,1), 2764.35 for
(1,8), and 2273.36 for (1,16) at a processor speed of 1000.
The main reason for this is the transfer time over the system
links from the I/O node buffers to the processor memories.
Since data are transferred over single links from the I/O nodes
to the processors, the I/O bottleneck now has become a data-
transfer bottleneck. This implies that in the future the data
transfer speeds also have to increase significantly to solve the
I/O problem.

4) The differences in performance of the organizations with
dd*ds = 16 do not differ considerably to conclude about their
relative performances. However, the simulations clearly show
the need for parallelism in I/O.

Similar results are obtained in a related paper for a shared-
memory environment [19]. The effect of transferring the data
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over the single system links is visible in this study and we
noted the fact that the I/O speed did not scale with the paral-
lelism because of the communjcation bottleneck. In the other
study, we only considered transferring the data to the shared
memory region and since this was done on parallel commu-
nication links, we did not observe a similar communication
bottleneck. Otherwise, the results regarding the relative per-
formance of the different [/O systems are similar in the two
cases.

The synchronized systems cannot be scaled easily. Consider
building a system with larger number of disks. The disks can-
not be synchronized beyond a certain number, maybe 8 or
16. Beyond that point, some form of declustering has to be
considered to improve the parallelism. The results in this sec-
tion tell us what is a good way to organize a small number of
disks. The available parallelism in serving a request plays a
dominant role in performance. Declustered-synchronized or-
ganizations may be a good choice for scientific applications in
larger systems since they offer maximal parallelism in serving
single-block requests and muitiple-block requests.

V. MaTrix DisTRIBUTION

The earlier section showed that some degree of declustering
is needed to improve the I/O performance considerably. What
is the best way to store the data on the disks? This question
cannot be answered without knowledge of the details of the
data and how it is used. At a system level, a uniform approach
of distributing the data by the bytes among the disks is the only
feasible approach. Matrices are used extensively in scientific
applications and most matrix applications can be characterized
by a few basic operations. Hence, it is possible to find some
simple ways of storing a matrix on the different disks such that
the I/O requirements of the application are efficiently satisfied.
We present below a method to store the matrices on the disks.

When the processor needs to perform an I/O operation, it
sends the request to the neighboring /-node. If the neighboring
I-node can satisfy the request, it serves the I/O. Most scien-
tific problems can be decomposed in a regular fashion where
the interaction between different pieces of the data is minimal.
Matrix arithmetic and some image processing applications are
such examples. In such applications, each processor executes
a set of operations on the piece of data it owns and does not
extensively use the data owned by the other processors. In
such cases, the problem is mapped onto the hypercube sys-
tem assuming that each processor has an infinite amount of
memory. The problem mapping involves several considera-
tions. available parallelism, minimization of messages, etc.
Once the problem mapping is complete, the data are mapped
from the nodes to the neighboring /-nodes. By this approach,
we can minimize the communication between the nodes in the
system and at the same time make the data available to the
nodes from their neighboring /-nodes. This process of map-
ping data can be seen to be similar to the approach taken
for register allocation by a compiler where variables are first
mapped onto an infinite number of registers enforcing the flow
order restrictions and later remapping them onto a finite set
of registers.

The advantages of this approach are 1) message communi-
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cation is minimized during the execution of the problem, 2)
an explicit I/O request is most likely served by the neighbor-
ing I-node. In problems where pieces of data are not used by
more than one processor, the above discussed method of data
partitioning based on load balancing, message minimization
yields best results. In such cases, it is to be left to the user to
do the necessary I/O minimization. The disadvantage of this
approach is that the data mapping needs to be done for each
specific problem. The user has to somehow remember how
the data are stored among the various disks for each piece of
data. Moreover, if a number of operations are performed on
the data, it is likely that the data may be required to be mapped
onto the I-nodes in different forms. A uniform approach is re-
quired for distributing the data onto various /-nodes in such
cases. The aim of this section is to suggest an approach to
distribute data onto I-nodes when the data may be used in
different configurations and when each processor may need
several pieces of data to complete the execution. Matrix mul-
tiplication is a good example where each processor operates
on several pieces of data and the data are required to be in
different configurations (in rows or columns) for an efficient
solution.

A second method of data mapping is based on using size-
independent algorithm design. In this method, each problem
or algorithm is designed such that it uses the minimum amount
of space for execution. For this approach, algorithms are writ-
ten such that they execute on small blocks of data. When a
larger problem is to be solved, the block algorithm is repet-
itively used to produce necessary results. Using such an ap-
proach, a given piece of data can be mapped onto the system
and then several algorithms if need to operate on the same data
could still operate at a reasonable efficiency. A good reason
for using a block approach for storing data on disks is illus-
trated by the following: consider a matrix A that is needed
in a premultiplication and a postmultiplication. If A4 is stored
in a row-major fashion among the /-nodes, then premultipli-
cation can be done efficiently. But, postmultiplication of A
would either require that each processor read data from all
the /-nodes, or a transpose of the row-major ordered matrix,
an expensive operation. Similarly, we can argue that storing
the matrix in a column-major order also leads to an ineffi-
cient operations on the matrix. It has been shown that when
the data are stored in the form of matrices, storing the matrix
as a number of rectangular blocks yields best efficiency in a
virtual memory storage {22], and also in hierarchical memory
organizations of shared-memory multiprocessors [23]. Algo-
rithms are written such that they can operate on the blocks
and combine the results if necessary to produce the results
on larger pieces of data. This approach is more general than
the earlier problem specific approach and would be useful if
a number of different operations are carried out on the same
piece of data. However, there remains one issue that needs
to be resolved, how should the various blocks be distributed
among the I-nodes?

We propose a method of storing different pieces of data
on the /-nodes by using a combination of both the strategies
above. The data distribution is based on the following assump-
tions: 1) data stored on disks be read only once from the disk
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even if required by a number of processors; one processor will
do the I/O read and distribute this data to other nodes through
messages. 2) The system size is known and all the processors
are available for solvmg a particular problem. This assump-
tion is a little strong for various reasons. The problem size
may be such that the optimum number of processors used for
that application may be different from the system size. In a
multiuser environment, it may not always be possible to get
hold of the complete system to solve a problem. The mapping
problem is strongly related to the system size and without a
knowledge of the system size it is impossible to determine a
good mapping of data. Moreover, when possible we would
like to extract maximum parallelism from the system.

We illustrate the data distribution approach with a two-
dimensional matrix. But the ideas can be extended to higher
dimensions. The data distribution involves the following steps:
1) divide the data into blocks, 2) map the blocks onto the nodes
of the system to minimize communication, and 3) then move
the mapped data onto the neighboring I-nodes for the later
access. ‘

Based on the arguments of minimizing the disk reads, we
would like the data to be ordered in a blocked fashion as ex-
plained above. Consider a four-dimensional hypercube. Since
the system has 16 processors, the matrix needs to be divided
into-16 pieces. Since different pieces of data will have different
sizes, the blocks of data will also have different sizes. Hence,
the disk system should allow variable block storage. If the
disk system has a fixed block size then the blocks of data can
be stored as a number of blocks. The data blocks should be
such that they can be individually operated on, large enough
that disk accesses are efficient, and small enough to fit in the
available memory at the nodes.

Consider dividing matrices A, x» and By« into blocks. If
the number of processors in the system is a square number 2%,
then we can map a mesh of size 2/ x 2/ onto the system. Then
the blocks of the matrices 4 and B will be of the sizes n; x m;
and m, x k, where n; =n/2', m; = m/2' and k; = k/2'.
If matrices A and B are such that we could multiply AB,
then the blocks are also of sizes such that the blocks can
be multiplied. But when the system does not have a square
number of processors, can we guarantee such a property? To
satisfy this condition, we suggest the following: consider a
system with 2% ~! number of processors. Assume that we have
22 number of processors and divide the matrices into 2/ x 2/
number of blocks. Now the blocks have the desired property
as described above. Since we do not have as many processors
we have to map two blocks onto each processor. If we were
to divide the matrix into a number of blocks such that each
processor has only one block, then the blocks will not be of
the right sizes to carry out multiplication and problem solving
with such blocks will be very difficult.

Once the data are divided into a number of blocks, what is
the best way to distribute these blocks to different processors
in the system? The answer to this depends on the operations to
be performed on data. We suggest a mapping such as shown in
Fig. 12. The numbers in the blocks correspond to the proces-
sor addresses in the hypercube. The motivation for proposing
this distribution follows. For algorithms such as matrix multi-
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plication, there exist efficient block-implementations. But con-
sider a problem such as two-dimensional FFT for which there
is no efficient block implementation. In such cases, we would
like to reorder the data into either row or column major order.
To redistribute the data blocks into rows or columns. the con-
nectivity among the processors holding these blocks should
be maximum. This implies that processors holding the first
four data blocks should be maximally connected. A similar
property has to be satisfied for other rows of blocks. Using a
similar argument. we require that the processors holding the
columns of blocks be maximally connected. There exist sev-
eral such mappings as shown in Fig. 12. Of these mappings,
we choose the gray-code mapping of Fig. 12(b) as a possible
candidate for data distribution since it is easilv understood. If
the data are then distributed to various nodes in such a fash-
ion, it is seen that consecutive blocks of data among rows and
columns are held by neighbors in the hypercube.

The last step of the data distribution consists of moving
these mapped blocks to their neighboring /-nodes. Then the
distribution of data at each /-nodes is as shown in Fig. 12 for
our example.

For an n-dimensional matrix, we can map the number of
processors in the system into an n-dimensicnal mesh and map
the pieces of data into the corresponding nodes in the system.
A vector can be divided along its length to be stored among
the different disks. However, it is to be noted that making too
many small pieces of data may not improve the response time.

The advantages of blocking can be clearlv seen when we
need to do a matrix transposition. If the data are stored in
row-major order or column-major order. then each processor
needs to communicate with every other processor if the mem-
ory at each node is limited. But using a distribution such as
the one in Fig. 13. the number of communication steps are
reduced considerably. In fact, the transposed matrix is eas-
ily available by a suitable renaming of processor numbers.
Observing Fig. 12(b). the transposed matrix is available by
cyclically shifting the processor number by o bits.
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V1. ConcLusioN

In this paper, we looked at several issues concerning the
I/O system performance in a hypercube. We presented a sys-
tematic method to connect the I/0 processors to the nodes in
the multiprocessor system. We analyzed the communication
traffic in the network to show that I/O and message communi-
cation could share some of the system links without excessive
performance penalties. Several disk organizations are evalu-
ated and it was shown that different organizations perform
better in different workloads. It was observed that parallelism
in serving an I/O request plays a dominant role in the scientific
workload. We also presented a way of declustering matrices
on the disks such that they can be accessed efficiently for
matrix arithmetic operations.
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